Technological advances are transforming personal mobility, providing improved safety, automated driving, enhanced vehicle performance, and increased sustainability. Hydrogen fuel cells are a key technology option within this transformation. As fully zero-emission electrified vehicles, hydrogen fuel cell electric vehicles (FCEVs) can refuel in 3-5 minutes to a range of 360 miles or more and can be scaled from small sedans for personal use to large line-haul trucks and car or truck platforms in between. When compared to conventional gasoline vehicles, FCEVs provide a range of economic, energy security, public health, and environmental benefits for the nation without requiring consumers to compromise on vehicle size or performance (NRC 2013) . Several FCEVs are commercially available today. However, the lack of convenient and extensive networks of hydrogen refueling stations is limiting market growth. A significantly larger network of retail hydrogen stations must be established before FCEVs can be sold to the general public in a broad, geographically diverse manner similar to conventional vehicles.
This report was developed within the framework of the U.S. public-private collaboration known as H 2 USA, with approximately 50 partners committed to enabling hydrogen infrastructure for FCEV adoption. The report examines development scenarios for hydrogen station networks needed to support a national rollout of FCEVs in the United States. As FCEV prices decrease and the variety of available FCEVs increases over the next 5-10 years, a select number of urban, state, and regional markets can help establish the station networks required for FCEV market growth. California is fully engaged in this station funding and deployment process today, and a number of other states are showing interest, primarily in the northeast but also in Hawaii, Texas, Ohio, and South Carolina to name a few. Based on experience over the last two decades, California's successful planning and execution of coordinated FCEV adoption and hydrogen refueling station deployment can serve as a valuable resource for other states and regions in their hydrogen infrastructure development efforts. The following planning processes have been key ingredients of California's historical success:
1. Quantify FCEV market potential and automaker commitments.
Establish financial support mechanisms for hydrogen refueling station investments.
3. Establish FCEV market support mechanisms.
Implement station network planning and coordination tools.
The success of government-industry partnerships in California, along with comparable initiatives in Europe and East Asia, are laying the foundations for global FCEV market growth by funding hydrogen stations. Although additional U.S. cities, states, and industry partnerships may follow a slightly different process, these four strategies have been demonstrated as successful methods to reduce investment risks and leverage the effectiveness of public and private funds in the development of hydrogen station networks.
In this report, an internally consistent analytic modeling method simulates how station networks might develop across cities and regions, assuming that successful planning and coordination activities result in a rollout of FCEVs and stations similar to California's. The report's three scenarios capture some of the variations that might occur as FCEV markets and station networks expand.
In the Urban Markets scenario, FCEV markets are driven by a combination of consumer demand, initiatives implemented by individual cities, and stakeholder focus on the most promising urban markets. The State Success
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scenario achieves a higher level of FCEV market adoption than does the Urban Markets scenario, with FCEV sales primarily driven by the Zero Emission Vehicle (ZEV) mandate and other market support mechanisms, which are complemented by strong stakeholder planning and coordination in ZEV states. The National Expansion scenario achieves the highest levels of FCEV adoption, with FCEV markets and station network development responding to consumer demand, strong market support initiatives implemented at city, state, and national levels, as well as aggressive stakeholder coordination and planning across economically integrated megaregions.
These scenarios are not forecasts of future market outcomes. Rather, they provide insight to various public and private stakeholders engaged in the planning and coordination required to help facilitate their own station networks, while reducing hydrogen station investment risks. Early markets for alternative fuel vehicles are widely acknowledged as difficult to developthese scenarios are meant to help stakeholders better understand and potentially leverage California's past lessons and ongoing efforts to build momentum for national FCEV market growth while respecting their own differences, processes, and local knowledge.
The following conclusions and insights are supported by the scenario results:
• Robust networks of hydrogen stations must be established in advance of selling large volumes of FCEVs into any given urban area. Following the rollout of stations planned for California, by 2025 a total of 320-570 additional stations would be required both in California and nationwide to enable significant FCEV market growth. Intensive stakeholder coordination and planning activities should precede the introduction of these initial stations to ensure progress toward a national milestone of "500 in 2025."
• There are multiple means of achieving FCEV market growth beyond California. Although the ZEV mandate has been a key policy driver in California, high concentrations of early adopters in other cities and statescombined with track records of strong support for advanced vehiclessuggest many other markets are promising for FCEV sales and hydrogen station investments.
• Large cities with high concentrations of early adopters and strong market support mechanisms, as demonstrated in California, are assumed to be the most promising markets for introducing FCEVs and hydrogen station networks. With adequate market support mechanisms in place, these markets could prove to be the most promising options for rapidly achieving vehicle growth and substantial hydrogen demand, thereby reducing the financial risk posed to hydrogen station investors.
• The market potential for hydrogen station networks is large. The scenarios portray a national network of approximately 1,500-3,300 hydrogen stations by 2035, with a hydrogen capacity of 1.3 million to 3.4 million kg/ day, serving 1.8 million to 4.5 million FCEVs. Assuming average hydrogen prices of $8-$10 per kg, annual revenues would be around $3.0 billion to $9.2 billion. Based upon the scenario results, the largest and most robust segments of these station networks would initially be located in a select number of major urban areas where a track record of surrogate vehicles has already paved the way for FCEVs. The cost and performance of fuel cell powertrain technologies have improved dramatically over the past 15 years (Wilson et al. 2016) . Today three passenger FCEVs are commercially available in California, by nature of progress with hydrogen station developments. These are: the Hyundai Tucson, Toyota Mirai, and Honda Clarity. These commercial vehicles build on experience accumulated by many automakers through the development of prototype FCEVs and completion of several real-world retail consumer demonstration programs (FCHJU 2017; Wipke et al. 2012) . Figure 1 shows commercially available and limited-production FCEVs. Additional light-duty FCEV makes and models will be introduced into these hydrogen station enabled markets in the near future.
The major barrier to widespread national deployment of FCEVs is the lack of convenient, extensive networks of hydrogen refueling stations (HRSs Cobb (2017) . Figure 3 shows the locations of existing and planned stations in Europe and East Asia.
Purpose of this Report
This report provides context and insight to stakeholders involved in the development of national HRS networks by examining the quantity, location, and deployment schedule of stations needed to satisfy consumer demand for FCEVs. The results of these scenarios can help guide plans to enable FCEV market growth. Three national scenarios are developed based on California's successful market transformation and planning processes. These scenarios illustrate how national FCEV markets and HRS networks might coevolve in space and time in response to various combinations of market demand, market support, and corporate strategy trends. The scenarios represent a range of possible futures, with the goal of enabling more informed decisions by various public and private stakeholders with different perspectives and priorities, ranging from near-term investors to long-term planning organizations.
Coordination and planning by public-private partnerships will be an essential part of the successful creation and acceleration of future markets for FCEVs and HRSs. Consumers are reluctant to buy FCEVs until the refueling infrastructure is well developed, and investment in alternative fuel infrastructure is only justified with assurance of a significant level of demand. Stakeholder coordination can reduce HRS network investment risks by increasing the probability of achieving high utilization rates and larger economies of scale, which are fundamental requirements for a successful business case. This business case must be achieved while establishing an infrastructure network sufficient in scale and geographic scope to enable strong FCEV market growth. As HRS networks coevolve with FCEV market growth, they must provide coverage to entire urban areas, link clusters of urban areas, and enable longdistance travel along interstate corridors.
These requirements highlight the interdependence of stakeholder decisions, investment risks, and profit potential, and they emphasize the fundamental role of planning and coordination among multiple stakeholders. The scenarios presented here contribute to these collaborative efforts by examining the national expansion of HRS networks across different cities, regions, and time periods.
Scenario results provide preliminary and high-level answers to the following questions:
• How many HRSs are needed to serve growing FCEV markets? This question is addressed by examining initial coverage requirements for urban areas, total network capacity required to satisfy local demand, and geographic network expansion required to satisfy growth into mainstream consumer markets.
• Where would HRSs need to be located? This question is addressed at neighborhood, urban area, and regional scales, relying on previous analytic studies and new applications of detailed station location and national network expansion models. All scenarios include strong growth in California followed by a variety of expansion patterns into additional urban and regional markets.
• When would new HRSs need to be deployed? This question is addressed through three distinct rates of FCEV market growth, ranging from 23 million to 61 million passenger FCEVs deployed by 2050 (1.8 million to 4.5 million by 2035). For all new markets, initial coverage stations are established before FCEVs are introduced.
All three questions depend on assumptions about initial station coverage requirements for early FCEV adopters, average station sizes, the geographic extent of urban markets, consumer demographics, and rates of FCEV market growth. Each of the three scenarios resolves these interrelated factors through internally consistent simulations of FCEV adoption and HRS network expansion dynamics, drawing on empirical trends and updated plans from recent studies. The result is a set of complete national HRS network simulations, with temporally and spatially resolved HRS locations, sizes, and installation years as FCEV market shares increase over time and across different U.S. cities and regions.
Coordination and planning by publicprivate partnerships will be an essential part of the successful creation and acceleration of future markets for FCEVs and HRSs. The remainder of the report is organized as follows. Section 2 reviews California's successful market transformation process. Section 3 describes the elements of each scenario, and Section 4 presents scenario results. Finally, Section 5 summarizes key study takeaways. Supporting information on modeling methods is provided in a companion report (Bush et al. forthcoming) .
The California Precedent
Because California leads the United States in the development of a successful passenger FCEV market and convenient HRS network, the present study is grounded in the research, processes, and empirical results that have emerged from California's experience. This experience is summarized in Figure 4 and the box at the end of this section, summarized as basic components and key ingredients that may prove useful to other U.S. states and regions.
Building on a long history of air-quality improvement efforts, California began setting aggressive advanced vehicle standards in the 1990s, including the Zero Emission Vehicle (ZEV) mandate, to address issues related to air quality, energy security, and climate change. (Melaina et al. 2008; NREL 2011; CaFCP 2017) . 
Hydrogen Infrastructure Scenarios
Each of the three scenarios developed in this reportUrban Markets, State Success, and National Expansionvaries by the rate and geographic scope of HRS network investments. These infrastructure investments support FCEV market growth trends that vary based on responsiveness to consumer demand, policy drivers, and local and regional planning and coordination efforts. Each scenario is similar in that successful FCEV market growth is achieved through the coordinated rollout of vehicles and stations, ensuring a positive consumer experience and reducing station investment risks. Differences between the scenarios provide insights into infrastructure development trends that could result from the combined influences of market support mechanisms, consumer demand, and successful coordination and planning among automakers, fuel providers, station owners, investors, and government agencies.
Overview of Analytic Methods
All three scenarios assume strong future FCEV market growth in California followed by market expansion into other cities, states, and regions. Cities are modeled individually with respect to when and how many new stations are installed before FCEVs can be sold in large numbers. After establishing initial station coverage to satisfy the driving needs of early adopters (Melaina 2003; Nicholas, Handy and Sperling 2004) , the number, geographic extent, and average size of hydrogen stations increases in proportion to the growth in FCEV sales for any individual city. Total nationwide FCEV sales are different for each scenario, as is the distribution of sales between regions and cities. Hydrogen station network expansion modeling assumptions rely upon the most recent trends in new station installations, and draw from planning guidelines developed over many years by various California stakeholders (CEC 2017a; CEC 2017c; CARB 2016; Brown et al. 2015; CaFCP 2012a; Ogden and Nicholas 2011 ).
As summarized in Table 2 , HRS networks are described in terms of three geographic scales, each of which is useful for analyzing different types of market and infrastructure development trends: urban areas, regions, and megaregions. FCEV sales and use are resolved at the urban area scale, 2 with sales rates varying between regions, which include California, the other ZEV states, and the rest of the country based on presumed future influence of state government policies. Megaregionsintegrated regional economies that extend across conventional political boundaries-are useful in capturing large-scale infrastructure and market development trends. Table 2 also indicates the three time periods over which the scenarios are analyzed.
2 The U.S. Census Bureau defines urban areas as densely populated urbanized areas of 50,000 or more people. In the present report, urban area also includes urban clusters, which are based on the same criteria but with 2,500-50,000 people (https://www.census.gov/geo/ reference/ua/uafaq.html).
Geographic Scales
Time Periods 
Scenario Results
The scenarios assume three distinct FCEV market growth futures followed by a simulation of the HRS network expansion required to support the resulting hydrogen demand. The market growth rates are not forecasts of future outcomes. Instead, they illustrate how national station networks might develop over time as FCEV markets grow in response to a variety of future market conditions. By taking into account a relatively wide range of market influences and infrastructure development patterns, the scenarios are intended to be useful to a broader set of stakeholders. Each scenario is described below, and market influences for each scenario are summarized in Table 3 .
Urban Markets-Local Demand and Metropolitan Area Initiatives
Focused infrastructure investments respond to a combination of highly concentrated early adopters and market support mechanisms implemented by a select number of major metropolitan areas. The result is rapid growth within a relatively small number of large urban markets, followed by slower diffusion into nearby cities and across megaregions. Although the select urban areas experience rapid market growth, overall national growth is slower than in the other two scenarios. 
National Expansion-Unleashing Market Forces
By combining highly coordinated planning and development efforts with aggressive market support mechanisms, rapid FCEV market growth is assumed to occur across megaregions. HRS network investments respond to the combined influence of highly concentrated early adopters, the ZEV mandate, other market support mechanisms, and successful stakeholder coordination and planning activities at the national and megaregion scales. Most major urban markets open quickly, followed by strong local spillover into smaller nearby cities within all megaregions. Table 3 summarizes the market influences that define each scenario. These influences capture the major influences on how FCEV markets and HRS networks expand geographically and over time. The bottom of Table 3 shows the corresponding annual FCEV sales and urban area market share in 2050 for the United States and each region (CA, ZEV, and ROC). Additional details on FCEV market share influences by scenario and region are provided in Section 3.3. Section 3.4 discusses how HRS network expansion responds to the resulting FCEV market trends. A companion report provides additional details on the modeling assumptions and analytical methods used to develop each scenario (Bush et al. forthcoming).
Fuel Cell Electric Vehicle Market Growth Scenarios
FCEV sales are assumed to follow an "s-curve" growth pattern, with relatively slow adoption in early years giving way to rapid growth and eventual market saturation (Rogers 1995; Lund 2006 ). This pattern is realized at the urban area level and at the regional and national scales. National sales of FCEVs out to 2050 are shown in Figure 6 with reference to total U.S. LDV sales.
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Hydrogen Station Network Development
The first three market influences summarized in Table  3 -market drivers, coordination, and adoption-indicate major influences on FCEV market success in each of the three scenarios. The fourth influence-HRS network expansion-describes the refueling infrastructure deployment that responds to FCEV market growth. The rollout of FCEVs and HRS networks in ZEV and ROC cities and megaregions is assumed to follow patterns similar to the planned rollout in California, although delayed in time and adjusted for variations in consumer demographics. Three main dynamics influence infrastructure supply simulations: (1) the influence of early adopters, (2) the requirement for activation stations to open urban markets to large FCEV sales volumes, and (3) the sequence in which additional urban markets are opened over time. Each dynamic is reviewed below.
Early Adopter Influence-Because so few FCEVs have been deployed to date, future consumer demand for FCEVs is projected by analyzing empirical data on historical sales of other advanced vehicles (including hybrid electric and plug-in electric vehicles) and luxury vehicles as well as the prevalence of high-income households. The result is a consumer demand metric referred to as the Early Adopter Metric (EAM), which serves as a proxy for where FCEV sales are likely to be strongest and, therefore, where and how many new stations must be built to activate FCEV market growth. Early adopters are critical to initial market development in all three scenarios. However, the scenarios differ in the extent to which network development patterns depend on the influence of early adopters compared with the other market drivers summarized in Table 3 . The EAM is a unitless metric, indicating the spatial distribution and density of early adopters. 3 The EAM does not influence the rate of FCEV market growth.
Activation Station Requirements-For early FCEV markets to be successful, consumers must be confident in the availability of convenient local and regional HRS networks (Melaina 2003; Nicholas, Handy and Sperling, 2004) . During the early years of FCEV introduction, convenience for early adopters is of primary concern. Based on the analytic approach used to develop the California Fuel Cell Partnership Roadmap (see Section 2), a certain number of market activation stations must be installed before OEMs will begin unique dealership outreach and marketing of FCEVs, allowing them to be sold in large volumes into a given urban area. The coverage of activation stations must enable most early adopters to live within a 6-minute drive of a station (Nicholas et al. 2004; Melaina et al. 2013; CaFCP 2014; Brown et al. 2015) . This approach tends to result in one or more activation stations being clustered in neighborhoods with high concentrations of early adopters. Additional activation stations provide refueling availability across the larger urban area, resulting in a network that satisfies the refueling needs of most early adopters. An example of how activation stations might be distributed across an urban area is shown in Figure 8 , with 36 stations serving early adopters in Seattle. These activation stations represent approximately 5% of all gasoline stations serving the urban area indicated in the map.
Urban Market Sequencing-More than 600 urban areas are prioritized based on the density of early adopters (EAM per square mile) and the number of early adopters served by the activation stations required in any given city (EAM per activation station). The rationale behind this sequencing approach is that capital is the limiting factor in determining the most effective station investments, whether it is provided by government agencies through subsidies or directly by private investors. Cities with both large numbers of early adopters and high densities of early adopters, measured as a ratio of early adopters per activation station, are opened to new FCEV sales before other cities. In addition, cities in close proximity to these highpriority cities are also prioritized, although this effect is stronger in the National Expansion and State Success scenarios than in the Urban Markets scenario, where FCEV markets are strongly influenced by market support mechanisms provided by individual cities. Following this sequence of prioritization, new cities are activated as the volumes of FCEV sales shown in Figure 6 and Figure  7 increase over time. The result is that large cities with high concentrations of early adopters receive the first activation stations and large volumes of FCEV sales.
Additional cities are then activated as total FCEV sales in a given region increase over time. The modeling methodology companion report includes a more detailed discussion of the city sequencing methodology (Bush et al. forthcoming) .
Activating Greater Seattle
It is estimated that 36 hydrogen stations could provide sufficient refueling availability for early adopters such that large volumes of FCEVs could be sold into the Greater Seattle market. The map indicates high densities of early adopters (darker shades of purple) as well as the location (circles) of the first 12 stations (red), second 12 stations (salmon), and third 12 stations (gray).
The first 12 stations include four clusters: four stations in North, Central, and West Seattle; four stations running through Bellevue north to Bothell; and three northern stations extending from Mountlake Terrace to Snohomish; and a station at the airport. The airport in SeaTac serves as a destination station and is therefore distinct from the other high EAM density stations. Additional activation stations reinforce these clusters, provide connectivity across outlying urban areas, and extend south to Tacoma. Again, these scenarios are not predictions of future market outcomes. Instead, they are intended to stimulate discussions about HRS network requirements and provide insights into how those networks might coevolve with a growing national FCEV market.
An HRS network will provide convenient refueling access to a share of the total population based on how many stations are deployed and the population density of the area in which they are deployed. Each HRS covers a physical area, enabling access to the refueling network to all of the people living, working, or driving within that area. Using detailed traffic simulations, Nicholas and Ogden (2006) estimate a correlation between station availability and city demographics. Based on an extrapolation of these results, it is estimated that each station can provide convenient access for an area of approximately 6 square miles (Melaina et al. 2013) . Figure 10 shows the population with access to a convenient HRS for the different scenarios over time, which is proportional to the number of stations deployed in each urban area in a particular year divided by the number of stations required to cover the entire urban area surface, assuming that each station can cover up to 6 square miles. As the HRS network expands, the population enabled approaches the total population in each region, opening up greater market opportunities for FCEV adoption. The discussion below details HRS deployment over time in the three scenarios, illustrating how many stations are needed to support different FCEV market-adoption trends, where these stations are needed, and when they are needed. This discussion relates to several figures below. Figure 11 shows the number of stations and the average capacity of installed stations for select urban areas in 2025. Figure 12 shows the same for 2035, and Figure 13 shows the same for 2050. The extent of market megaregions is also indicated, following the color-coding depicted in Figure 5 . (2015) (2016) (2017) (2018) (2019) (2020) (2021) (2022) (2023) (2024) (2025) :
Early Markets
Initial station deployment allows for early FCEV adoption in select cities. Station sizes tend to be small when opening new urban markets in order to reduce capital costs while ensuring sufficient station availability.
In the early years, the HRS network is limited to California and a few other metropolitan areas, depending on the expansion followed in the different scenarios.
Overall , 
Expansion (2025-2035):
National coverage varies significantly across scenarios, and station utilizations begin to reach high values.
In this mid-term period, the HRS network expands significantly, reaching 1,500-3,300 total stations, supporting 1.8 million to 4.5 million FCEVs, and providing 38 million to 57 million people access to convenient station networks. The sequence of activating different urban areas varies between scenarios, based upon the market influences described in Table 3 . For example, Chicago plays a significant role in the Urban With the benefit of economies of scale achieved through high volumes of hydrogen demand, large stations become dominant in many major urban areas under all three scenarios. The overall coverage is dictated by the market influences described in 1. Quantify FCEV market potential and automaker commitments.
Establish financial support mechanisms for HRS investments.
Implement HRS network planning and coordination tools.
The success of government-industry partnerships in California, along with comparable initiatives in Europe and East Asia, are laying the foundations for global FCEV market growth. While additional U.S. cities, states, and industry partnerships may follow a slightly different process, it is recommended that these four steps be followed to help reduce investment risks and leverage the effectiveness of public and private funds in the development of HRS networks.
Although additional U.S. cities, states, and industry partnerships may follow a slightly different process, the California experience suggests that these four steps can help to reduce investment risks and leverage the effectiveness of public and private funds in the development of HRS networks.
In this report, developed under the framework of the U.S. public-private collaboration, H 2 USA, an internally consistent analytic modeling method simulates how HRS networks might develop across cities and regions, assuming that successful planning and coordination activities result in a rollout of FCEVs and stations similar to California's. The report's three scenarios capture some of the variations that might occur as FCEV markets and HRS networks expand. In the Urban Markets scenario, FCEV markets are driven by a combination of consumer demand, market support mechanisms implemented by individual cities, and stakeholder focus on the most promising urban markets. The State Success scenario achieves a higher level of FCEV market adoption than does the Urban Markets scenario, with FCEV sales primarily driven by the ZEV mandate and other market support policies, which are complemented by strong stakeholder planning and coordination in ZEV states. The National Expansion scenario achieves the highest levels of FCEV adoption, with FCEV markets and HRS network development responding to consumer demand, strong market support mechanisms at city, state, and national levels, and aggressive stakeholder coordination and planning across economically integrated megaregions. These scenarios are not forecasts of future market outcomes. Rather, they provide insight to various public and private stakeholders engaged in the planning and coordination required to reduce HRS network investment risks. Early markets for alternative fuel vehicles are notoriously difficult to develop-these scenarios are meant to help stakeholders leverage and learn from California's ongoing efforts to build momentum for national FCEV market growth.
Scenario results are presented for three periods: Early Markets (2015 -2025 ), Expansion (2025 -2035 ), and Long-Term Growth (2035 -2050 . Each period may be of interest to different stakeholders. The following conclusions and recommendations are supported by the scenario results:
• Robust networks of HRSs must be assured, and established in advance of selling large volumes of FCEVs into any given urban area. Following the rollout of stations planned for California, the scenarios suggest that other urban areas would need to install a total of 320-570 stations nationwide to enable significant FCEV market growth by 2025. Intensive stakeholder coordination and planning activities must precede the introduction of these initial stations.
• There are multiple means of achieving FCEV market growth beyond California. Although the ZEV mandate is a key market driver, high concentrations of early adopters in other cities and states-combined with track records of strong support for advanced vehiclesmake many other urban and regional markets promising for FCEV sales and HRS investments.
• Large cities with high concentrations of early adopters and strong market support mechanisms are the most promising markets for introducing FCEVs and HRS networks. With adequate market support mechanisms in place, these urban areas are the most promising options for rapidly achieving substantial hydrogen demand, thereby reducing the financial risk posed to HRS network investors.
• The market potential for HRS networks is large. The scenarios portray a national network of approximately 1,500-3,300 hydrogen stations by 2035, with a hydrogen capacity of 1.3 million to 3.4 million kg/day serving 1.8 million to 4.5 million FCEVs. Assuming average hydrogen prices of $8-$10 per kg, annual revenues would be around $3.0 billion to $9.2 billion. The largest and most robust segments of these station networks would initially be located in a select number of large urban areas.
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